ABSTRACT Hydrogen exchange has been studied in a single crystal of RNase A [ribonuclease (pancreatic), EC 3.1.27.5] in the course of a neutron structure investigation. Refinement of the occupancies of amide hydrogens provided information about the kind of isotope present in each site and also provided estimates of the errors associated with the measurement. Twenty-eight-of the 120 peptide amide hydrogens were found to be at least partially protected from exchange during approximately 1 year required for crystal preparation and data collection. Most of the protected hydrogens were involved in hydrogen bonds with main-chain carbonyl groups. A contiguous region of the fl-sheet containing residues 75, 106-109, 116, and 118 had a large number of protected hydrogens, indicating its low flexibility and the lack ofaccessibility to solvent. Residues 11-13 from, the a-helix near the amino, terminus were protected, in, good agreement with a model of cooperative unwinding ofthis helix, starting from the free (amino) end.
The structure of a protein revealed by the techniques of x-ray or neutron diffraction is averaged over the time period of the data collection. However, some information about the dynamic states of the molecules is also accessible. An analysis of temperature factors may provide information about short-range vibrational and librational motions (1) (2) (3) , and studies ofthe amide hydrogen exchange can provide information about long-range flexibility, in the different regions of the molecule. The latter technique is based on the observation that the exchange of either deuterium or tritium for amide hydrogens can pinpoint those areas that are both accessible to solvent and sufficiently flexible for the process to take place (4) .
Several methods of measuring the kinetics of hydrogen exchange in order to determine the conformational equilibria of single residues (5) have been reported. When, individual amide protons are well resolved in NMR spectra, as they are in the bovine pancreatic trypsin inhibitor (6, 7) , their exchange kinetics can be determined. Another possibility is to monitor the degree of exchange by following the radioactive decay of the tritium label. Schreier and Baldwin (8) suggested that the special properties of RNase S make this protein a very suitable object for such studies. Their method involved labeling the S peptide (containing the first 20 residues from the amino terminus) with tritium and subsequently reforming an active enzyme by rapid mixing with the, remaining part of the molecule, which -consists of residues 21-124 (9) . This technique yielded only the average rate of hydrogen exchange for the S peptide but still allowed the establishment ofa number of highly protected protons and showed that their individual exchange rates must be very similar. Rosa and Richards (10, 11) extended the resolution of this method by performing rapid proteolytic digestion and separating the fragments ofthe enzyme by high-pressure liquid chromatography. They were able to assign individual rates to a number of hydrogens in the S peptide, as well as average rates for small fragments of S protein. This method vastly increased the available resolution but was difficult experimentally.
A different approach to the studies of the conformational dynamics of proteins is to couple the hydrogen exchange technique with single-crystal neutron diffraction. This approach relies on the radically different scattering lengths of hydrogen (-0.38 x 10-14 m) and deuterium (+0.65 x 10-14 m). Thus the hydrogen atoms appear in Fourier maps as negative peaks, whereas deuterons (as well as carbon, oxygen, and nitrogen atoms). are found in positive nuclear density. The exchange of all the original mother liquor for deuterated solvent is almost always attempted in single crystal neutron experiments in order to decrease the background due to incoherent scattering by hydrogen. Therefore, the exchange information is a by-product in many experiments. Although the information gained in such neutron diffraction studies does not yield kinetic information, it can reveal those hydrogens that are incapable of exchange in the time devoted to the crystal preparation and data collection.
This report contains the results of the studies of hydrogen exchange in crystalline bovine RNase A [ribonuclease (pancreatic), EC 3.1.27.5]. We will assess the accuracy of this method and discuss the information that was gained about the flexibility of the protein molecule.
EXPERIMENTAL PROCEDURES Data Collection and Processing. Neutron data to 2.0-A resolution were collected by using a flat-cone diffractometer at the National Bureau of Standards Reactor. The details of crystal preparation and data collection have been described in detail elsewhere (12, 13 6 months. Another 6 months were spent collecting diffraction data. The crystal was kept at room temperature throughout the experiment. Reflection intensities were integrated by using a "dynamic mask procedure" (13) . Altogether 4132 reflections with I > 3or(I) were observed in the resolution interval of 2-10 A (51% of the total).
X-ray data used in the initial stages ofRNase refinement were collected by using a four-circle diffractometer with a full-profile w step scan (14) , and the number of significant reflections was 7708 in.the 2- ofthem hydrogens. This number included 170 2H20 molecules, some with partial occupancies. All hydrogens bound to carbon were initially assumed to be unexchanged, and all those bound to nitrogen and oxygen were assumed to be deuterium. The refinement was continued by a restrained least-squares procedure with both the x-ray and neutron data included simultaneously. The details of the technique have been described (15) . Initially x-ray data to 2.0 A and neutron data to 2.8 A were used in an effort to refine the structure to the point at which the absolute orientation of four histidine side chains became apparent (16) . From that point, the refinement was continued by using both sets of data to 2.0-A resolution.
The process of combined x-ray/neutron refinement was accomplished in stages in which about six or seven cycles of leastsquares refinement were followed by an examination with computer graphics (17) of the (2FO -F,) and (F0 -F,) difference Fourier maps. It was necessary to reorient a number of side chains (in particular, histidines, glutamines, and asparagines) and to modify the solvent structure extensively.
The final model resulting from the joint refinement was characterized by standard crystallographic R factors of 0.159 (x-ray) and 0.189 (neutron), with rms deviations of bond length from ideality of 0.022 A (bonds not involving hydrogen) and 0.018 A (bonds involving hydrogens). Individual (but highly restrained) isotropic temperature factors were assigned to each atom. The weights given in the refinement to the x-ray and neutron data were such that the values of temperature factors were mostly influenced by the x-ray structure factors, and thus we minimized the possibility of introducing serious errors caused by the correlation of the scattering lengths of amide hydrogens (expressed as occupancies) and the respective temperature factors. Even if the assignment of a particular amide was incorrect, the temperature factor of the nitrogen was not affected, because the x-ray data were not sensitive to the details of hydrogen/deuterium exchange. Further discussion of this effect is presented below.
The degree of exchange of amide hydrogens was calculated in a subsequent refinement with the neutron data only. In this refinement positional and thermal parameters for all atoms were kept constant, while the occupancies were allowed to vary. The refinement was thus constrained for all the parameters other than occupancies and free for the occupancies. All amide hydrogens were formally treated as deuteriums, with the occupancy of 1 Fig. 1 (11) (12) (13) are located at the carboxyl end of the helix, near the active site cleft. (Although the conformation of residue 13 is not truly helical, its amide forms a bond characteristic for an a-helix and thus we will count methionine-13 as a part ofa helix for the purpose of the present discussion.) The remaining part of the helix (residues 3-10, of which 7-10 contain hydrogenbonded amides) points away from the central part of the molecule and is not buried, so its greater degree of accessibility to solvent and the flexibility required for hydrogen exchange is not surprising. Although an active site area is often characterized by considerable flexibility, this is probably not the case here; at least for this half of the active site. In the crystal structures of both RNase A (14) and RNase S (19) , the positions of histidine-12 and glutamine-il are very well defined and no indication of any motion of these side chains was observed, even though the other halfofthe active site (histidine-119) was shown to occupy more than one site (19) .
Both of the other helices are located on the surface of the molecule. Helix 2 (residues 24-34) is perpendicular to the three strands in the lower (less-protected) half of the molecule. Only the two amide hydrogens situated on the inside of the helix in direct contact with the sheet are protected, whereas all the other amide hydrogens are exchanged.
The third of these helices (residues 50-60) is located in the top half of the molecule (Fig. 2) , and its axis is roughly parallel to a P strand. Protected amides 57 and 58 are located on the side of the helix adjacent to the strand, while the amide of valine-54 is completely buried in a region of less regular secondary structure.
As mentioned above, a somehow puzzling feature of the amide protection is the difference between the two parts of the ,&sheet. Although the apparent accessibilities of these two halves of the structure are not very different, the level of protection seen in the top half is much higher than that seen in the lower part of the structure.
An analysis of nitrogen temperature factors and the degree of protection of corresponding hydrogens shows a possible correlation only for the most highly protected amides. The mean temperature factor for the nitrogen atoms with completely protected hydrogens was 7.2 (rms deviation 2.04), whereas for unprotected amides it was 10.75 (3.43). The temperature factors for partially protected amides were, however, not significantly different from unprotected ones, so the degree of protection cannot be described as a simple function of the local vibrational states of the molecules.
DISCUSSION
The degree of similarity of a crystal structure of a protein with the structure in solution has to be shown for every structure (8) and Rosa and Richards (10) . They involved the first 20 residues of RNase, and direct comparisons with these data are possible. The total number of four protected hydrogens observed by us is the same as found by Schreier and Baldwin (the exact agreement is, however, not significant due to the differences in experimental conditions). The detailed assignments derived by us are, however, quite different from those of Rosa and Richards (10) It is more difficult to account for the differences in the protection of the hydrogens involved in the formation of the helix (amides 7-13). Although the tritium exchange data point to a high degree of protection of amides 7 and 8 (amino end of the helix), our observation indicates that it is the carboxyl end (amides 11-13) that is protected. Because the conformations of the atoms involved in this region of both structures are extremely similar (14, 21) , the difference may be explained by a drastic change in the type of flexibility of this helix; one end of the chain is free in RNase A, whereas two ends are free in RNase S. It would be easier to accept this explanation if the hydrogens protected in RNase S were closer to the center of the helix, but this apparent discrepancy may be exaggerated by the fact that the tritium exchange did not provide any information on the protection of amides 9 and 12. It is interesting to note that in our study histidine-12 appears half exchanged, while the two neighboring residues are fully protected. This result may indicate that the actual degree of protection of these three amides is about the same, because the intrinsic rate of exchange for histidine-12 is much higher than the rates for its neighbors (10) . Thus the cooperative unzippering mechanism postulated for this helix (8) (11) . Because this amide appears to be 75% protected in our studies, we notice that the "static" results of the neutron investigations bear at least some numerical resemblance to the tritium kinetic measurements when the large errors of both techniques are taken into account.
No direct estimate ofthe number ofprotected amides in each of the other proteolytic fragments has been provided by Rosa and Richards (11) , so the degree of agreement of the results of the two studies is more difficult to assess. Nineteen amides have been listed as potentially protected and as having measurable rates of exchange in the parts of the structure investigated in ref. 11 . Only eight of them were found to be protected in the neutron diffraction study, while six of the others were also determined to be protected. Thus the correlation between the intrinsic rate constants and the actual rates of exchange in the folded protein is weak at best, and this fact seriously complicates the chemical studies of the exchange, because it is always necessary to unfold the protein at some stage of the analysis. Because the results of the neutron diffraction measurements are direct, no artifacts are introduced by the fast intrinsic rate constants.
Even though the neutron diffraction analysis of hydrogen exchange does not yield kinetic data, the time span of the experiment is such that at least some of the amide hydrogens do not have time to exchange. The information derived from such "snapshot" analysis is usually sufficient to indicate less flexible regions of the protein. The method used here is more straightforward than chemical analysis and does not suffer from the artifactual lack of data for the amides involved in proteolytic cleavage (10, 11 
